Abstract: In this letter, tin disulfide (SnS 2 ) nanosheets were employed as saturable absorber for obtaining passively mode-locked Yb-doped fiber laser. A SnS 2 -PVA film was fabricated by incorporating the SnS 2 nanosheets with the polyvinyl alcohol (PVA), Based on the SnS 2 -PVA film as saturable absorber, passively mode-locked Yb-doped fiber laser at a central wavelength of 1062.66 nm was achieved. The 3-dB bandwidth, pulse width, pulse repetition rate, and maximum average output power were 8.63 nm, 656 ps, 39.33 MHz, and 2.23 mW, respectively. The results exhibit that SnS 2 has excellent saturable absorption properties, which are equivalent to the reported two-dimensional transition metal dichalcogenides (WS 2 , MoS 2 ) and will have wide potential applications in the field of ultrafast photonics.
Introduction
Passively mode-locked Ytterbium-doped fiber lasers with large pulse energy and short pulse width have been extensively investigated due to their wide applications in the fields of fiber sensing, optical spectroscopy, chemical and biomedical researches and so on [1] - [12] . In comparison with actively mode-locked technique, passively mode-locked lasers have the advantages of compactness, low cost and design flexibility [1] - [6] . Previously, various passively technical means, such as figure-ofeight cavity design [1] - [3] and nonlinear polarization rotation technique [4] - [5] , have been employed for demonstrating Yb-doped mode-locked lasers, which have the superiority of short pulse width, low cost and all fiber construction, however, the stability of the pulse generation was easily influenced by the external environment factors. Additionally, the semiconductor saturable absorption mirrors (SESAMs) also have been extensively used for achieving Yb-doped mode-locked operations with high output power [6] - [7] , but, the high cost of SESAM has restricted its far-reaching applications in the ultra-fast laser field.
Recently, the development of different saturable absorber (SA) materials have given new opportunities to the advance of passively mode-locked Yb-doped fiber lasers with low cost and high stability.
In 2010, graphene based Yb-doped mode-locked fiber laser with duration of 580 ps was generated by L. M. Zhao et al. [8] . Since then, graphene, which was used as saturable absorber, has attracted much attention due to its broadband saturable absorption and ultrafast recovery time [9] - [11] . In addition, transition-metal dichalcogenides (TMDs) and topological insulators (TIs) with unique absorption property and thickness dependent band-gap have also been used for achieving passively mode-locked operations within Yb-doped fiber lasers [12] - [16] . In 2014, L. Li et al. reported a WS 2 based passively mode-locked Yb-doped fiber laser, the minimum pulse width was 713 ps under the pulse repetition rate of 23.26 MHz, the maximum output power was 30 mW [12] . Moreover, metal nanoparticles also have been used as saturable absorber for the Yb-doped mode-locked operation [17] , because, in comparison with the mentioned two-dimensional materials, metal nanoparticles have the advantages of variable surface plasmon resonance peak and larger third-order nonlinear coefficient [17] - [19] . Recently, two-Dimensional CH 3 NH 3 PbI 3 perovskite nanosheets was used for obtaining ultrafast pulsed fiber lasers, The output pulse has a width of 931 ps and a large signal-to-noise (SNR) over 53 dB with a peak power of 4.14 W and pulse energy of 3.85 nJ [20] . CsPbBr 3 quantum dot also used for obtaining mode-locking operation, a polarization-maintained ytterbium fiber laser produces single pulses with duration of 216 ps, maximum average output power of 10.5 mW [21] . Although mode-locked Yb-doped lasers have been widely reported based on different saturable absorbers, it is still necessary to search for new materials that can be used as saturable absorbers with high damage threshold, ultrafast recovery time and wide saturable absorption broadband.
Recently, other TMDs including SnSe 2 , ReS 2 and SnS 2 have hold a certain attention in the feilds of ultrafast optics due to their suitable layer-independent bandgap value and anisotropic crystalstructure. Thereinto, based on SnSe 2 as SA, the passively Q-switched lasing has been achieved on a crystalline waveguide platform at ∼1 μm [22] . The first demonstration that focusing the application of ReS 2 as a saturable absorber to achieve self-started mode-locking operation in an Er-doped fiber laser was reported by Cui et al. in 2017 [23] . In addition, A film-type ReS 2 -PVA saturable absorber was fabricated to realize Q-switching and mode locking of erbium-doped fiber lasers [24] .
Recently, Tin disulfide (SnS 2 ) covered on a D-shaped fiber was used to initiate the mode-locking operations in erbium-, ytterbium-, and thulium-doped fiber lasers and ultrafast pulses are achieved at 1.03, 1.56, and 1.91 μm. These results make SnS 2 an appealing candidate for broadband applications across the near-and mid-infrared regions [25] . SnS 2 was a n-type direct bandgap semiconductor with a value of 2.24 eV. Previously, its low-cost, environmentally-friendly, earthabundant characteristic make it better to fulfill industrial and scientific requirements in the fields of solar cells, photocatalysts, lithium ion batteries and other important practical applications. However, the nonlinear optical absorption properties of SnS 2 have only reported by H. R. Yang et al. before. Due to its suitable bandgap value of 2.24 eV (553.5 nm), which corresponding to the visible optical region, SnS 2 is expected to have the same saturable absorption characteristics as the reported TMDs (MoS 2 , WS 2 , MoSe 2 , WSe 2 ) [12] - [16] , [26] .
In our work. SnS 2 -PVA film with a modulation depth of 0.76% and a saturable intensity of about 78 MW/cm 2 was used as saturable absorber for demonstrating Yb-doped mode-locked laser. Stable pulses with a pulse width of 656 ps under a pulse repetition rate of 39.33 MHz was obtained. In comparison with the SA used in [25] , the film-type SA used in our work exhibits bigger modulation depth and higher saturable intensity. The results show that SnS 2 -PVA film can be efficient SA for fiber lasers and also have great potential to become broadband linear and nonlinear optical materials for photonics and optoelectronics applications. Fig. 1 shows the preparation process of the SnS 2 -PVA SA. First, 1 g SnS 2 nanosheets were added into 100 ml alcohol (30%). The mixture was placed in the ultrasonic cleaner for 12 hours to get the SnS 2 dispersion solution. After that, the mixture was centrifuged at a rate of 2000 rpm for 30 minutes to remove the deposit. then, the SnS 2 dispersion and 4 wt% PVA solution were mixed at the volume ratio of 1:2, the mixture was placed in the ultrasonic cleaner for 4 hours to get the SnS 2 -PVA dispersion solution. Afterwards, 200 μL SnS 2 -PVA dispersion solution was spin coated on a sapphire substrate. the coated substrate was placed into a oven for 48 hours at 30°C. Finally, a thin SnS 2 -PVA film was obtained.
Experimental Details and Results and Discussion

Preparation and Characterization of the Saturable Absorber
1 mL SnS 2 dispersion prepared above was employed for the transmission electron microscope (TEM) testing. Fig. 2 and the insert of Fig. 2 show the TEM images of the SnS 2 nanosheets, which was recorded by a JEM-2100 microscope with an optical resolution of 500 nm, and the selectedarea electron diffraction of the marked area, which indicate that the SnS 2 nanosheets have layered structure with high crystallinity. 50 mg SnS 2 powder was used for the X-ray Diffraction (XRD) and Raman testing. The XRD pattern of the layered SnS 2 is depicted in Fig. 3(a) , it is obvious that the layered SnS 2 exhibited very high diffraction peaks, especially for (001) plane, also indicating that the layered SnS 2 prepared in our work process well-layered structure with high crystallinity. Fig. 3(b) describes the Raman spectrum of the layered SnS 2 , apparently, two Raman shift peaks at 313 and 205 cm −1 , corresponding to the A and E symmetry intralayer mode, were characterized, which were in agreement with the results reported previously [27] .
The transmittance of the SnS 2 -PVA film versus optical wavelength was investigated with a spectrometer. Fig. 4(a) shows transmittance spectra of the substrate and SnS 2 -PVA film over the wavelength range from the visible to mid-infrared band. It is obvious that the transmission increases with the wavelength.
The absorption property of the SnS 2 -PVA film was investigated based on a power-dependent transmission technique [32] , The pump source was a home-made nonlinear polarization rotation mode-locked Yb-doped fiber laser with pulse width of 35 ps and repetition rate of 68 MHz. The experimental results was shown in Fig. 5 . Additionally, based on the following formula [33] :
where T is transmission, T ns is non-saturable absorbance, T is modulation depth, I is input intensity of laser, I sat is saturation intensity. The saturation intensity and modulation depth, whcih were obtained by fitting the experimental results, were 78 MW/ cm 2 and 0.76%, respectively. 
Experimental Details
A Yb-doped fiber laser was demonstrated for testing the absorption properties of the SnS 2 -PVA film. The experimental setup was shown in Fig. 5 . As is shown, a ring laser cavity, which including a 28 cm Yb-doped fiber (Yb-1200, 4/125), a polarization independent isolator (PI-ISO), a 10:90 output coupler (OC), a 2.2 m single mode fiber (SMF), a polarization controller (PC) and a SnS 2 -PVA SA, was employed. A 974 nm LD with a maximum output power of 680 mW was used as pump source via a 980/1064 wavelength -division multiplexer (WDM). the PI-ISO was employed as direction controller. The PC was used to adjust the polarization state and the loss in the cavity. The SnS 2 -PVA film was placed on the facet of a fiber jumper and then sandwiched between two fiber facets with a connector. Finally, the total cavity loss of the SnS 2 -PVA device is about 6.8 dB, which was measured with an optical power meter. The output information of the mode-locked laser were measured by an optical spectrum analyzer (AQ-6317), a mixed oscilloscope (R&S, RTE 1104) connected with a 3 GHz high-speed InGaAs photodetector and a optical powermeter (Thorlabs PM 100 D, S122C).
Results and Discussion
In the experiment, the output performance of the laser without inserting the SnS 2 saturable absorber into the laser cavity was investigated firstly. When the pump power increased from 0 to 680 mW, by adjusting the PC, no mode-locked operation, except for continous-wave laser output, was detected. Afterwards, the SnS 2 saturable absorber was inserted into the laser cavity. Firstly, the mode-locked fiber laser can not self-start. By carefully adjusting the PC, stable mode-locked operation was obtained at the pump power of 175 mW, it is obvious that the threshold power of our work was much higher than the results reported previously. In our opinion, the high threshold power was caused by the large intra-cavity loss which was mainly produced by the SA. Fig. 6(a) shows the emission spectrum of the SnS 2 based Yb-doped mode-locked fiber laser. As is shown, the central wavelength was located at 1062.66 nm, the 3 dB bandwidth was measured to be 8.63 nm. Fig. 6(b) shows the dependence of the average output power of the mode-locked generation on the pump power. The maximum output power was 2.23 mW under a pump power of 675 mW, corresponding to an opticalto-optical conversion efficiency of 0.33%. the low output power and optical-to-optical conversion efficiency were also mainly due to the large intra-cavity loss produced by the SA. Additionally, as is known, saturable absorption and two-photon absorption are two major nonlinear processes which lead to the emergence of mode-locked operations. In our work, the mode-locked operation was mainly created by the saturable absorption of the SnS 2 SA. A single pulse shape was shown in Fig. 7(a) , the pulse width was 656 ps, thus, the time-bandwidth product (TBP) is about 1504, which is much higher than the theoretical limit value (0.44), indicating that the optical pulse is seriously chirped. The wide pulse width was mainly due to the big positive dispersion in the cavity and the long relaxation time of phonon interaction within the SnS 2 under high pump power. A typical pulse train of the mode-locked laser was displayed in Fig. 7(b) , the pulse repetition rate was 39.33 MHz, which matches well with the cavity length of 5.22 m. Additionally, the RF spectrum with 1 Hz and 1 kHZ resolution were also recorded and shown in Fig. 7(c) and (d), as is shown, the signal-to-noise (SNR) is over 53 dB, which means that stable mode-locked operation was obtained. However, the stability of the SnS 2 -PVA based Yb-doped fiber laser is slightly worse than that obtained within a Er-doped mode-locked operation [23] , which is mainly due to the uncontrollable dispersion of the laser cavity. The results proved that the SnS 2 -PVA film has excellent performance in acting as SA for achieving mode-locked Yb-doped laser.
Conclusion
In conclusion, SnS 2 -PVA film was successfully prepared and employed as saturable absorber within an Yb-doped fiber laser for generating passively mode-locked operation. Nonlinear absorption properties of the SnS 2 -PVA film have been measured, the modulation depth and saturation intensity were 0.76% and about 78 MW/cm 2 , respectively. passive mode-locking operation with a average output power of 2.23 mW and a pulse width of 656 ps under a repetition rate of 39.33 MHz was obtained. Our result exhibited that SnS 2 -PVA film, which can easily prepared by an dispersion coating method, will be extensively used for demonstrating various ultra-fast photonics and optoelectronic devices with compact structures, low cost and excellent performance.
